Down-modulation of major histocompatibility class I (MHC-I) molecules is a viral strategy for survival in the host. Myxoma virus, a member of the Poxviridae family responsible for rabbit myxomatosis, can downmodulate the expression of MHC-I molecules, but the viral factor(s) has not been described. We cloned and characterized a gene coding for an endoplasmic reticulum (ER)-resident protein containing an atypical zinc finger and two transmembrane domains, which we called myxoma virus leukemia-associated protein (MV-LAP). MV-LAP down-regulated surface MHC-I and Fas-CD95 molecules upon transfection; the mechanism probably involves an exacerbation of endocytosis and was lost when the ER retention signal was removed.
Recognition of viral antigens by cytolytic T lymphocytes (CTL) is one of the most efficient ways to eliminate virusinfected cells. Their recognition occurs through the interaction between the T-cell receptor of a cytotoxic cell and a viral peptide bound to a class I major histocompatibility complex (MHC-I) molecule (31) . Several mechanisms for interfering with MHC-I cell surface display have been developed by large DNA viruses (28) . Basically, all the steps of the trafficking of MHC-I molecules and their association with peptides are targets of viral strategies: these can be the inhibition of transporter associated with antigen processing (TAP)-dependent peptide translocation from the cytoplasm to the endoplasmic reticulum (ER) (24) ; the accumulation of MHC-I in the ER, preventing the accession of assembled molecules to the cell surface (2) ; or the translocation of ER-resident MHC-I molecules to the cytosol and their subsequent degradation by proteasomes (46) . Once the peptide-bound MHC-I molecules have reached the plasma membrane, they can be retrieved from the cell surface by viral products such as the Nef protein of human immunodeficiency virus (HIV) type I, which enhances their endocytosis (38) .
Myxoma virus (MV), a member of the Poxviridae family, is the agent responsible for myxomatosis, a highly lethal disease of the European rabbit (Oryctolagus cuniculus) (14) . MV has a double-stranded DNA of 162 kbp (9) , with a central region containing highly conserved enzymatic and structural genes required for the maintenance of essential viral functions. Peripheral regions of the DNA, within and near the inverted terminal repeats (ITR) at both sides of the genome, encode nonessential factors that contribute to the modulation of the host response to infection (13, 42, 43) .
Several MV proteins have been shown to be associated with virulence and immunomodulation (for a review, see reference 4). MHC-I down-regulation has been observed in MV, where one or several factors enhance the endocytosis of MHC-I molecules, leading to their degradation in endolysosomal compartments (6, 50) . The viral factor(s) and underlying molecular mechanism(s) have not been described. In this paper, we identify MV leukemia-associated protein (MV-LAP) as a member of a new group of viral proteins containing a LAP plant homeodomain (LAP-PHD) motif and hydrophobic domains. Members of this group, tentatively named "scrapins," are ER proteins, encoded by large DNA viruses, which participate in the down-regulation of cell surface molecules involved in the immune response. We show that MV-LAP down-regulates the cell surface display of both MHC-1 and Fas-CD95 molecules, acting as a virulence factor important for virus pathobiology.
MATERIALS AND METHODS
Cells, viruses, and transfections. The wild-type strain T1 and the MV-⌬LAP mutant of MV were grown on rabbit kidney cells (RK13) in OPTI minimal essential medium supplemented with 2% calf serum. Rabbit lymphocytes (RL5) were grown in RPMI 1640 supplemented with 5% calf serum. Strain T1 of MV is a field strain isolated in Toulouse, France, with a biology and a life cycle comparable to those of the Lausanne strain (8) . For flow cytometry analysis, viruses were grown on baby green monkey kidney (BGMK) cells in Dulbecco's minimal essential medium with 2% calf serum. Subconfluent layers of BGMK cells were grown on glass coverslips and transfected with plasmids encoding green fluorescent protein (GFP) fusion proteins by using liposomes (Lipofectamine; Gibco BRL). At 24 h posttransfection, cells were rinsed twice with phosphate-buffered saline (PBS) for subsequent use in fluorescence-activated cell sorter (FACS) analysis or confocal microscopy.
The HLA-A2.1-positive human melanoma cell line Malme 3 M (ATCC HTB-64; HLA phenotype A2, Aw30, B13, B40ϩ/Ϫ, DRw7) and the negative human melanoma cell line SK28-Mel-1 (ATCC HTB-72; HLA phenotype A11, A26, B40, DRw4) were used for FACS analysis and served as tyrosinase-expressing target cells in 51 Cr release assays. Cells were grown in RPMI 1640 supplemented with 10% heat-inactivated fetal calf serum (Seromed; Biochrome KG, Berlin, Germany) at 37°C in a humidified 5% CO 2 atmosphere.
The A2.1-restricted murine CTL lines specific for human tyrosinase peptide residues 369 to 377 (CTL A2Kb huTyr) or for influenza virus A/PR/8/34 matrix protein M1 peptide residues 58 to 66 (CTL CD8xA2Kb FluM1, which served as a negative control), as well as an alloreactive A2.1-specific murine CTL line (CTL CD8 allo A2.1), were established and maintained as described previously (12, 39) . CTL were used as effector cells in 5-h 51 Cr release assays. Cloning, sequencing, and computer analysis of DNA sequences. The viral DNA between the serp-1 and serp3 genes was amplified and sequenced as described previously (16) . DNA sequences were analyzed using DNA Strider 1.3 software (26) and the BLAST program (GenBank). Edited sequences were analyzed with the GAP program package (SwissProt, release 33, March 1996). Multiple sequence alignments were performed by using ClustalW, consulted on the Network Protein Sequences Analysis browser (http://npsa-pbil.fr). Putative transmembrane (TM) domains were detected by using TMPRED software (http: //www.ch.embnet.org/software/TMPRED).
Construction of GFP fusions. Fusion plasmids were obtained by subcloning specific MV-LAP fragments into the pEGFP plasmid vector (Clontech), which contains a jellyfish GFP gene optimized for maximum fluorescence downstream of a cytomegalovirus promoter. MV-LAP DNA comprising nucleotides (nt) 1 to 621, an N-terminal fragment (N-term-LAP) (nt 1 to 276), and a C-terminal fragment (C-term-LAP) (nt 283 to 621) were obtained by PCR using purified MV DNA as a template (35) . PCR products were digested with the restriction enzymes NdeI and SmaI and cloned into the corresponding sites of pEGFP, yielding fusions containing GFP at the N terminus of the chimeric polypeptide. The integrity of MV fragments was assessed by sequencing.
Construction of MV-⌬LAP recombinant and revertant viruses. To evaluate the involvement of MV-LAP in MV pathogenicity, the MV-LAP gene was inactivated by deletion and disruption with the lacZ marker gene. Two sets of primers containing 5Ј-terminal extensions with restriction sites for subsequent subcloning were used to amplify fragments immediately upstream and downstream of the LAP domain. The primers were Serp3-sense (5Ј-CAGCAGCCCGGGTATGG ATATCTTTAATCATTTAAA-3Ј) paired with LAP-(antisense 60-40)-PstI (5Ј-CAGCACTGCAGGCTTACATCGTCCAGGTTTAC-3Ј) and LAP-(sense 207-230)-XbaI (5Ј-CAGCTCTAGAGTCCGTACAACCTAAAGCGGC-3Ј) paired with LAP-(antisense 621-600) (5Ј-CAGCAAGCTTTCTAAGCGGGTGACTC CACGA-3Ј). After digestion with PstI and XbaI, the fragments were cloned into a pGEM-T phagemid expression vector (Promega) upstream and downstream, respectively, of a PstI-XbaI lacZ gene under the control of the vaccinia virus p7.5 promoter. The resulting plasmid, pMV-LAP::LacZ, thus consisted of an antisense lacZ gene replacing the LAP domain of MV-LAP. After pMV-LAP::LacZ was sequenced, it was used for transfection of MV-infected cells. MV-⌬LAP mutant viruses were screened by LacZ phenotype selection. PCR analysis of recombinant virus DNA was performed to confirm the absence of wild-type virus in preparations of MV-⌬LAP mutant virus. Finally, the absence of expression of MV-LAP in MV-⌬LAP-infected cells was assessed by reverse transcription-PCR (RT-PCR) analysis. A revertant virus, MV-LAP-rev, containing a wild-type MV-LAP open reading frame was obtained by transfecting plasmid DNA containing the complete MV-LAP gene into MV-⌬LAP-infected RK13 cells and by reverse white-blue screening.
Confocal microscopy observations. Cells were plated onto LabTek multichamber slide flasks (Nunc). At 24 h posttransfection the cells were incubated for 30 min at 37°C in 1 M ER-Tracker (Molecular Probes, Leiden, The Netherlands) in culture medium, rinsed twice in PBS, fixed for 15 min at room temperature with 4% paraformaldehyde in PBS, and then counterstained with 50 g of propidium iodide/ml-100 g of RNase A/ml at room temperature for 30 min. After a final wash, the samples were mounted with PBS-glycerol (1:1) and observed with a confocal LSM Zeiss microscope fitted with a 63ϫ Zeiss objective. Chromium release assays. The lytic activity of the tyrosinase-specific CTL line (CTL A2Kb huTyr) or the alloreactive A2.1-specific murine CTL line (CTL CD8 allo A2.1) was tested against MV-T1-, MV-⌬LAP-, or mock-infected human melanoma target cells in a 5-h standard 51 Cr release assay. Briefly, Malme 3 M cells and SK28-Mel-1 cells were infected for 2 h at an MOI of 10, washed once, labeled for 1 h at 37°C with 100 Ci of Na 51 CrO 4 , and then washed four times. Labeled target cells were plated in U-bottom 96-well plates at 10 4 cells/well and incubated for an additional 20 h at 37°C. At 24 h p.i., effector cells were incubated with target cells at various effector/target ratios. After 5 h, 100 l of supernatant per well was collected and the specific 51 Cr release was determined. Assays were performed in triplicate.
Single-step growth analysis of viruses. RK13 and RL5 cells were infected for 2 h with either MV strain T1 or MV-⌬LAP at an MOI of 5. Unadsorbed free virus was removed and replaced by growth medium. Cells were incubated at 37°C and harvested at multiple time points postinoculation. Virus was released by freeze-thawing and brief sonication. Virus titers in the lysates were determined by standard plaque titration on RK13 cell monolayers.
RNA extraction and RT-PCR analysis. RK13 cells (5 ϫ 10 6 ) were infected at an MOI of 5 with wild-type strain T1 or MV-⌬LAP. Total RNA was isolated at 2, 4, 8, 12, and 16 h p.i. with TRIzol reagent (Gibco BRL) according to the manufacturer's instructions. In addition, total RNA was also extracted from infected cells treated with 40 g of cytosine arabinoside (araC)/ml at the time of infection. For RT-PCR analysis, an MV-LAP-specific primer was used for cDNA first-strand synthesis, followed by PCR amplification using MV-LAP-specific primers, namely, MV-LAP-Fwd-BamHI (5Ј-CAGCGGATCCGGTAAACATG GCTACTGTTG-3Ј) and MV-LAP-Rev-PstI (5Ј-AAACTGCAGTTTCTAAGCG GGTGACTCCA-3Ј), corresponding to the 5Ј and 3Ј ends of the open reading frame, respectively.
Infection of rabbits with the MV-⌬LAP mutant virus. Eight-week-old male New Zealand White rabbits were obtained from a local supplier and housed in biocontainment facilities according to the guidelines of the European Community Council on Animal Care (European Council directive 86/609/ECC, 24 November 1986). All procedures on the animals were performed by workers accredited by the French Ministry of Agriculture and were aimed at limiting animal pain and distress. Infections were performed intradermally in the right ear with 5 ϫ 10 3 PFU of either wild-type MV, MV-⌬LAP, or MV-LAP-rev. Rabbits were monitored daily for clinical signs of myxomatosis (14) . Rabbits that became moribund were sacrificed with T61 (Distrivet) administered intravenously. For histological studies, six rabbits were inoculated with MV strain T1 and six were inoculated with MV-⌬LAP as described above. At 4, 8, and 12 days p.i., two animals from each group were sacrificed. Two mock-infected rabbits were sacrificed and used as controls.
Histological examination. All animals were subjected to a complete postmortem examination. Tissue material from the injection site (ear [primary site]) and parotid lymph node were taken and stored in 10% neutral formalin for further VOL. 76, 2002 MODULATION OF IMMUNE RECEPTORS BY VIRAL SCRAPINS 2913
analysis. After fixation, tissues were processed routinely into paraffin blocks, sectioned at a thickness of 4 m, and stained with hematoxylin and eosin for microscopic examination. Histological lesions were assessed and graded as minimal, light, moderate, marked, or severe. The terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) method was used to assess apoptosis of lymphocytes in parotid lymph nodes as described elsewhere (29) . The following form of grading, based on the number of apoptotic bodies for each microscopic field at a magnification of ϫ400, was used: 25 to 50 apoptotic bodies, minimal apoptosis; 50 to 75 apoptotic bodies, light apoptosis; 75 to 100 apoptotic bodies, moderate apoptosis; 100 to 125 apoptotic bodies, marked apoptosis; more than 125 apoptotic bodies, severe apoptosis. Virus load in tissues. White blood cells, spleens, lungs, testes, and controlateral parotid lymph nodes were sampled from rabbits infected with either wildtype or MV-⌬LAP mutant virus at 4, 8, and 12 days p.i. and were frozen at Ϫ80°C; after thawing, tissues were further disrupted by Dounce homogenization in Dulbecco's minimal essential medium. Virus titers in the different samples were determined by standard plaque titration on RK13 cell monolayers.
Nucleotide sequence accession number. The nucleotide sequence and the deduced amino acid sequence of MV-LAP have been deposited in GenBank under accession number AF229033.
RESULTS

MV encodes a protein homologous to several gammaherpesvirus-and poxvirus-encoded factors.
During systematic sequencing of the right end of the genome of MV, we had previously identified two genes encoding serpins, serp2 (34) and serp3 (16) , near the ITR. We also identified an open reading frame of 621 bp, downstream of serp3, on the genome of MV strain T1, which is routinely used in our laboratory (Fig.  1A ). This gene is closely related to the M153R and M153.1R open reading frames, described by the complete genome analysis of the Lausanne strain of MV (9) . However, the M153R and M153.1R open reading frames were described as a split version of the S153R gene of Shope fibroma virus, another leporipoxvirus, due to a frameshift at codon 110. Surprisingly, we found that there is no frameshift in the corresponding gene of MV strain T1, leading to a putative polypeptide of 206 residues. The deduced amino acid sequence showed significant homology with cellular and viral zinc finger proteins referenced in the GenBank database. The zinc finger has a nonclassical C 4 HC 3 signature, corresponding to the LAP (37) or PHD family (1), and is referred to below as the "LAP domain." Two hydrophobic regions are located in the center of the protein and may correspond to TM domains. These features are shared by gammaherpesvirus proteins such as human herpesvirus 8 (HHV-8; also known as Kaposi's sarcoma-associated herpesvirus) K3 and K5 (30) , bovine herpesvirus 4 IE-1A and IE-1B (44), murine gammaherpesvirus 68 IE-1 (45), and herpesvirus saimiri open reading frame12 (3) (Fig. 1B) . Among poxviruses, we found that Shope fibroma virus S153R (47), swinepox virus C7L (27) , yaba-like disease virus (YLDV) 5L (22) , and lumpy skin disease virus 010 (41) encode proteins with the same motifs (Fig. 1C) .
Herpesvirus-encoded K3 and K5 are referred to as immediate-early proteins (30) . Indeed, the TTTTTTTTGT motif at the 3Ј end of the MV gene, underlined in Fig. 1A , is reminiscent of the early termination signal of poxviruses (48) . To assess the time course of MV-LAP gene expression, we detected MV-LAP mRNA by RT-PCR. MV-LAP mRNA was detected as early as 4 h p.i. and throughout the viral cycle, with a peak of expression at 12 h p.i. (Fig. 2) . Blocking of intermediate and late gene expression with araC did not impair MV-LAP transcription, confirming that this gene is expressed at early times after infection, independently of DNA replication.
MV-LAP down-regulates the surface display of MHC-I and CD95 molecules in an ER retention dependent fashion and defines scrapins. To determine the localization of the protein, we tagged the complete or truncated forms of MV-LAP with N-terminal GFP. We expressed the tagged versions in RK13 cells, while staining them with an ER-specific dye. Transfected cells were examined by immunofluorescence using a confocal microscope. As shown in Fig. 3A , a reticular pattern of staining was observed with the MV-LAP-GFP fusion, reminiscent of the images obtained with K3 and K5 of HHV-8 (11, 17) . Staining of the ER revealed an identical pattern (data not shown). The GFP tag was not responsible for ER retention, since a control GFP protein alone had a diffuse fluorescence, present in both the cytoplasm and the nucleus (Fig. 3B ). To assess which domains are responsible for ER retention of MV-LAP, we constructed an N-term-LAP-GFP plasmid, expressing amino acids 1 to 94 (corresponding to the LAP domain without the TM domains) fused with GFP, and a C-term-LAP-GFP plasmid, expressing amino acids 95 to 206 (corresponding to the C-terminal and TM domains) fused with GFP. The subcellular localization of the N-term-LAP-GFP protein was diffuse in the cytoplasm and identical to that of the control GFP protein (Fig. 3C) . The C-term-LAP-GFP protein was targeted to the ER, and its distribution matched that of the MV-LAP-GFP fusion protein (Fig. 3D) . We conclude from these data that MV-LAP localization is reticular and dependent on the C-terminal part of the protein, which contains the TM domains.
Gammaherpesvirus K3 and K5 proteins can down-regulate the surface display of membrane-anchored molecules such as MHC-I (11, 19) , intercellular adhesion molecule 1 (ICAM-1), and B7-2 (18) . Other authors have independently described the loss of MHC-I antigens at the surfaces of MV-infected cells (6, 50) . Hence, we investigated the biological properties of MV-LAP with respect to cell surface antigen expression. We performed flow cytometry analysis of MHC-I molecules at the surfaces of cells transfected with various GFP fusion proteins. Transfection of BGMK cells with an MV-LAP-GFP plasmid resulted in a specific down-regulation of MHC-I molecules at the surfaces of the cells (Fig. 4A) . We performed the same experiment with CD95 antibodies, since CD95 cell surface display was not affected by K3 or K5 in HeLa cells, and therefore CD95 was considered a negative control (11) . Surpris- ingly, transfection with MV-LAP-GFP reproducibly resulted in down-regulation of CD95, with a pattern similar to that of MHC-I down-regulation (Fig. 4B ). Transferrin receptor (CD71) surface expression was unchanged after transfection with any of the constructs, confirming the specificity of MHC-I and CD95 down-regulation (Fig. 4C) . To investigate the involvement of the reticular localization in this phenotype, we transfected BGMK cells with the N-term-LAP-GFP plasmid. Cells transfected with this truncated construct did not show any down-regulation of the surface display of MHC-I or CD95 molecules (Fig. 4) , indicating that ER localization is necessary to this function. Taken together, these results reveal that poxviruses and herpesviruses share structurally similar proteins that are involved in cell surface down-modulation of immune receptors. Members of this new group of proteins are retained in the ER, although they act through the abduction of cell surface mole- Single-step growth curve analysis showed no defects in the ability of MV-⌬LAP to replicate in RK13 cells. Similar results were obtained with a rabbit CD4 ϩ T-cell line (RL5). These results suggest that MV-LAP knockout does not alter the in vitro replicative capability of the virus.
We then assessed the effect of a viral infection on cell surface display of molecules. Infection of BGMK cells with MV strain T1 induced a significant decrease in MHC-I surface expression, contrasting with MV-⌬LAP and mock infections (Fig. 5A ). CD95 expression was not affected by MV infection (Fig. 5B) , suggesting additional pathways for CD95 regulation.
MHC-I down-regulation is associated with loss of CD8
؉ T-cell-mediated cytotoxicity. In order to determine whether MHC-I down-regulation was associated with a functional defect, we tested the cytotoxic activity of a tyrosinase-specific HLA. 
VOL. 76, 2002 MODULATION OF IMMUNE RECEPTORS BY VIRAL SCRAPINS 2917
infected with MV-⌬LAP (99.9% W6/32-positive cells). We obtained similar results on MHC-I down-regulation for SK28-Mel-1 cells (data not shown). Since the cytotoxic activity of A2Kb huTyr is HLA2.1 restricted, we also confirmed MVinduced down-regulation of HLA2.1 molecules on Malme 3 M cells by FACS analysis using an anti-HLA2.1 specific MAb (BB7.2) (data not shown). We then tested the effect of MHC-I down-regulation on cytotoxicity. Briefly, Malme 3 M and SK28-Mel-1 cells either were infected with either MV or MV-⌬LAP or were mock infected; then they were labeled with 51 Cr. Twenty-four hours later, the cytotoxic activity of CTL A2Kb huTyr against these targets was quantified. For Malme 3 M cells, we observed strong cytotoxic activity of effector cells against mock-infected cells, while cytotoxic activity against MV-infected cells was strongly reduced. In addition, CTL A2Kb huTyr killed MV-⌬LAP-infected cells as efficiently as it killed mock-infected cells (Fig. 6B) . To ascertain that the inhibition of CTL activity was specific for MHC-I down-regulation, we also used an alloreactive A2.1-specific murine CTL line. A similar decrease in cytotoxic activity against MV-infected cells was observed, while lysis activity against MV-⌬LAP-infected cells was unimpaired (data not shown). As anticipated, there was no lysis of target cells by CTL CD8xA2Kb FluM1, which is also HLA-A2.1 restricted but is directed against an irrelevant influenza virus matrix peptide epitope. SK28-Mel-1 targets were not recognized by any of the CTL lines, as expected (data not shown). These results demonstrate that MHC-I down-regulation induced by MV is associated with loss of CTL activity against infected target cells.
MV-LAP is a virulence factor in the European rabbit.
To evaluate the role of MV-LAP in the pathobiology of MV, European rabbits were inoculated intradermally with either MV strain T1, MV-LAP-rev, or MV-⌬LAP. The clinical course was examined daily for 28 days. There was a marked reduction in the virulence of MV-⌬LAP compared to that of wild-type MV in rabbits (Table 1) . Until day 7 p.i., all three groups of rabbits suffered from typical signs of myxomatosis: all animals, whatever the virus, had developed a lesion at the inoculation site (primary myxoma) and secondary myxomas on the face and ears. They also suffered from moderate respiratory infections and were less active. At day 12 p.i. the distribution of secondary lesions was different: whereas the rabbits inoculated with the wild-type MV had developed multifocal secondary myxomas, animals who had been injected with the MV-⌬LAP mutant had fewer secondary myxomas, which were restricted to the face and ears. Additionally, rabbits infected with the MV or MV-LAP-rev virus had developed infections of the respiratory tract and were euthanized for ethical reasons. All the animals that had received the MV-⌬LAP mutant suffered from moderate to severe respiratory infections, but they were far less prostrated and emaciated than wild-type virus-infected rabbits. Four rabbits had to be sacrificed between days 14 and 21, due to the severity of the symptoms; the other rabbits recovered completely within 28 days. The overall mortality rate of animals infected with the MV-⌬LAP virus was about 30%, in contrast with the typical 100% lethality of MV infection.
To summarize, our clinical observations revealed that infection with an MV-⌬LAP mutant virus induced a reduction in the distribution of secondary cutaneous myxomas and milder respiratory infections, resulting in a higher rate of recovery (over 70%), compared to a systematically fatal evolution after infection with wild-type MV.
Histological analysis of lesions and apoptosis from MV-and MV-⌬LAP-infected rabbits. All animals were subjected to complete postmortem examinations, and the results are reported in Table 2 . Between day 4 and day 8 p.i., both groups showed the same pattern of lesions, including a light and focal bronchointerstitial pneumonia, a few heterophils around some bronchioles and in adjacent alveoli, and a light hyperplasia of bronchus-associated lymphoid tissue (BALT). At day 12 p.i., the site of injection (primary myxoma) showed some differences. In rabbits infected with wild-type MV, the inflammatory reaction consisted of perivascular dermatitis with marked edema, interstitial mucinosis, activated fibroblasts, marked infiltration by heterophils, and a minimal infiltration by mononuclear cells (lymphocytes, plasmocytes, macrophages). In rabbits inoculated with the MV-⌬LAP mutant, the edema was moderate and the infiltration by heterophils was light, contrasting with a moderate infiltration by mononuclear cells (Fig. 7) . In the parotid lymph nodes the lesions were similar: marked lymphadenitis with paracortical lymphoid hyperplasia, extensive sinusal histiocytosis, and infiltration by multinucleated giant cells. The spleens of all groups showed a light lymphoid hyperplasia of periarteriolar sheaths and a light infiltration by heterophils in red pulp, as observed at days 4 and 8 p.i. The histopathological lesions of the lungs were resolved.
Since CD95 is involved in the induction of apoptosis, the TUNEL method was used to assess apoptosis of lymphocytes in the parotid lymph node. Lymphocytes from rabbits inoculated with either type of virus showed apoptosis comparable to that for the controls, and at the same level and localization (data not shown), indicating that MV-LAP has no influence on in vivo apoptosis of lymphocytes.
From these observations we conclude that infection by either virus resulted in early histopathological lesions of light and focal bronchointerstitial pneumonia in lungs but that these were temporary and resoluble; the major difference lay in the evolution of the inflammatory process at the primary site of infection, where at day 12 p.i. a marked infiltration by heterophils (i.e., neutrophils) was characteristic of infection with wild-type MV, while the inflammatory reaction progressed more rapidly and consisted mostly of mononuclear cells in lesions induced by the MV-⌬LAP mutant.
Viral replication in vivo. To ascertain that the differences in the clinical course of the disease and the histological findings between the two viruses were not associated with an impairment of the ability of MV-⌬LAP to replicate in vivo, we measured viral loads in the parotid lymph nodes, lungs, spleens, testes, and white blood cells at days 2, 4, 8, and 12 p.i No significant difference could be found in any tissue or in white blood cells (data not shown). We thus conclude that the ability of the MV-⌬LAP virus to replicate in vivo is not affected, and we cannot explain the observed attenuated phenotype.
DISCUSSION
While cell surface MHC-I down-regulation by MV has been reported, no molecular mechanism has yet been described (6, 49, 50) . Here we were able to demonstrate that MHC-I downregulation requires the expression of a viral gene encoding a protein homologous to cellular LAP (37) or the PHD family of proteins. This newly identified poxvirus factor was thus named MV-LAP. MV-LAP contains at least two domains, an atypical N-terminal ring finger, C 4 HC 3 -designated the LAP domainand a cluster of two TM domains. These domains have been described for the herpesvirus proteins K3 and K5 of HHV-8 (11, 18, 19) . We identified the same domains in proteins from other poxviruses, encoded by the Shope fibroma virus S153R (47) , swinepox virus C7L (27) , YLDV 5L (22) , and lumpy skin disease virus 010 (41) genes. Hence, MV-LAP allows the identification of a group of proteins encompassing herpesviruses and poxviruses. This family consists of proteins with similar structures and functions; the latter suggest the name scrapins, which stands for surface cellular receptor abductor proteins.
Our results indicate that MV-LAP mRNA is expressed early in cell cultures, in accordance with previous observations that DNA replication inhibitors such as araC have no effect on MHC-I down-regulation in MV-infected cells (50) . Furthermore, the pattern of MHC-I degradation appears as a progressive and cumulative process (50) , in agreement with the persistence of MV-LAP expression during the whole viral cycle. All scrapins identified so far are indeed early gene products.
We could also show that MV-LAP reduces the surface display of CD95 molecules in vitro in a significant and specific manner, since the level of another membrane marker, CD71, was not affected by MV-LAP expression. However, in the course of a viral infection, the level of CD95 molecules was not affected. It is possible that another viral or virus-induced factor counteracts the action of MV-LAP with respect to CD95 regulation. A recent paper reporting that infection with a parapoxvirus increases CD95 mRNA expression (21) supports this hypothesis. Alternatively, CD95 turnover in the infected cell might be enhanced, thus masking the effect of MV-LAP.
Importantly, we could demonstrate in vitro that MV-LAPmediated MHC-I down-regulation resulted in a dramatic decrease in MHC-I-restricted CTL activity against MV-infected human target cells. This finding strongly suggests that MV- LAP function may potently interfere with MV-specific CD8 ϩ T-cell (CTL) host responses and may represent a key factor for in vivo immune evasion by MV. Selective down-regulation of MHC-I proteins by viruses has been proposed as a viral strategy to allow for escape from CTL but avoid recognition by natural killer (NK) cells (10) . While we observed a nearly complete down-regulation of MHC-I surface expression on MV-infected human melanoma cells, it should be noted that the melanoma cell lines used do not express HLA-C and that we did not monitor for HLA specificities other than HLA-A, -B, and -C. Therefore, it remains to be determined whether MV-LAP can down-regulate MHC-I proteins in a locus-specific manner as a possible mechanism for escape from NK lysis. MV-LAP could down-regulate MHC-I expression on Malme 3 M cells even more efficiently than on BGMK cells. The latter is a monkey cell line for which the human anti-MHC-I antibody we used might have less affinity than it has for Malme 3 M cells, which are of human origin. Another explanation might lie in differential MHC-I expression between the two cell lines. Malme 3 M cells do not express HLA-C. It has been demonstrated that the intracytoplasmic tail of HLA-C is different from HLA-A and HLA-B tails and that HIV Nef induces HLA-A and -B down-regulation but is unable to down-regulate HLA-C because it cannot recognize its intracytoplasmic tail (23) . A similar mechanism might exist for MV-LAP, and the down-regulation of MHC-I on BGMK cells would be less important because HLA-C levels would not be decreased. However, since no data are available concerning HLA display on BGMK cells, at this point this hypothesis can only be speculative.
Transfection experiments using an MV-LAP-GFP fusion construct revealed that MV-LAP is an ER protein, as deletion of the TM domains and the remaining C-terminal portion of the protein prevents it from residing in the ER. There is usually an easily identified consensus motif (KKXX or KXKXX) in the cytoplasmic domain of TM proteins that is responsible for their retention in the ER (20) . Such a consensus could not be identified in MV-LAP. TM domains have been reported to contain ER localization signals (15) . Hence, it is likely that the two TM domains of MV-LAP are responsible for its ER retention, although one cannot exclude the participation of some cryptic motif at the C terminus of the protein. MHC-I and CD95 down-regulation is abrogated when MV-LAP is not retained in the ER. Whether there is a direct relationship between ER localization and function is currently under investigation.
The Lausanne strain that was used in initial experiments (6, 50) is reported to have a frameshift at codon 110 (9), thus deleting the two TM domains. Since the absence of TM domains is hardly compatible with MHC-I down-regulation, we decided to sequence both strands of the corresponding region in the Lausanne strain as well. Our findings revealed that there is actually no frameshift in the Lausanne strain (data not shown). The most likely explanation is an error in the sequence published by Cameron et al. (9) , since the frameshift occurs at a GGGGGG stretch (Fig. 1) . Of course, there is still a remote possibility that the Lausanne strain sequenced by Cameron et al. actually possesses an additional G, in which case some other gene product might replace MV-LAP in MHC-I endocytosis.
The mechanism by which MV induces MHC-I down-regulation has been described as an enhanced endosomal/lysosomal retention, since it could be abolished by ATPase inhibitors such as NH 4 Cl and leupeptin (50) ; similarly, K3 and K5 affect MHC-I display through the endocytosis of MHC-I molecules (11, 19) . How can the ER localization of scrapins be reconciled with the degradation of membrane molecules? One hypothesis suggests a physical interaction between K5 of HHV-8 and cellular filamins (18) . That would help explain how K5 can also down-modulate ligands such as ICAM-1 and B7-2, since the trafficking of all those molecules within the endosomal system involves the actin cytoskeleton. MV-LAP induces the internalization of MHC-I and CD95 molecules, both of which are membrane proteins that connect to the actin cytoskeleton via adapter molecules such as ezrin, furin, or filamin (25, 32) .
Interactions of MV-LAP with such tethers of the cytoskeleton have not been demonstrated yet but are being intensively studied in our laboratory. Our model virus helped determine the role of scrapins in the pathobiology of viral infections-which cannot be achieved with human herpesvirus infections for obvious ethical reasons. To assess the role of MV-LAP in the pathogenesis of myxomatosis, we engineered a fully replication competent MV mutant with a deletion in the MV-LAP open reading frame. Although the mutant and wild-type viruses seem to replicate at the same level in vivo, the former induced fewer secondary lesions and milder respiratory infections, resulting in an impressively higher rate of recovery of the infected animals. Detailed histological examination could not explain the clinical differences, since lesions in the lungs were, surprisingly, very moderate in all cases. The only difference was observed at the site of infection, where the inflammatory response with the MV-⌬LAP mutant proceeded to the cellular phase (with lymphocytes and histiocytes infiltrating the lesion); in contrast, it was typically arrested at the vascular level upon inoculation with wild-type MV (29) . The global decrease in the number of lymphocytes observed with the wild-type virus might reflect a milder infiltration of CD8 lymphocytes resulting from MHC-I down-regulation by MV-LAP. However, no tools are available yet to specifically identify rabbit CD8 lymphocytes in vivo. Since CD95 down-regulation could influence apoptosis of infected cells, we also investigated the level of apoptosis in the lymph nodes. Our observations indicate that the wild-type virus, as well as the MV-⌬LAP mutant, induces no significant apoptosis of lymphocytes. This is an indirect confirmation that CD95 is not affected by MV infection, suggesting the intervention of some factor that balances the action of MV-LAP and helps maintain a "physiological" level of CD95 molecules.
By allowing the virus to evade the host immune system, down-regulation of receptor molecules is a key feature of viral sabotage. It is particularly important to acknowledge the role of poxvirus scrapins in MHC-I down-regulation, since poxviruses are commonly used as vectors for foreign antigens (5, 7, 33, 36, 40) . Indeed, it would be worth comparing viruses with deletions in the scrapin genes with their wild-type parents for the ability to induce a cellular immune response; the latter are probably less efficient at presenting antigens and thus make poorer vaccines. VOL. 76, 2002 MODULATION OF IMMUNE RECEPTORS BY VIRAL SCRAPINS 2921
